In this work, a new type of high through-put Czerny-Turner spectrometer has been developed which allows to acquire multiple channels simultaneously with a repetition time on the order of 10 µs at different wavelengths. The spectrometer has been coupled to the edge charge exchange recombination system at ASDEX Upgrade which has been recently refurbished with new lines of sight. Construction features, calibration methods, and initial measurements obtained with the new setup will be presented.
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I. INTRODUCTION
Charge exchange recombination spectroscopy (CXRS) is a powerful method for measuring spatially resolved ion temperatures T i , impurity densities n α and velocities v α in fusion plasmas 1 . The basic principle of CXRS exploits spectral lines emitted after charge exchange from neutral atoms into highly excited states of impurity ions. The subsequent decay of the excited state of the impurity ion leads to the emission of a photon at a specific wavelength.
Thus, the ion temperature and the flow velocity are obtained from the Doppler width and Doppler shift and the impurity density from the radiance of the emission line. For magnetized fusion plasmas, these measurements can be combined in the radial force balance equation
to determine the radial electric field E r 2 .
In the past years, the ASDEX Upgrade tokamak (AUG) has been equipped with several charge exchange systems viewing the core and the edge of the plasma and providing temporally and spatially resolved CXRS profiles 3, 4 . Each system is connected to a high-throughput Czerny-Turner spectrometer equipped with charge-coupled device (CCD) cameras. So far, the minimum time integration of the systems was 2.3 ms which is barely adequate to study phenomena like edge localized modes (ELMs) and definitely insufficient to address the evolution of E r throughout the L-H transition. Several solutions have been developed, along the years, to reach sub-millisecond CXRS measurements in fusion plasmas [5] [6] [7] [8] [9] . Although some of them could reach a temporal resolution of even 1 µs, they are often limited to one or two channels per spectrometer and/or to a fixed wavelength range. Here, a modified version of a typical Czerny-Turner spectrometer coupled with an electron multiplying (EM) CCD camera is proposed which allows fast CXRS measurements down to 10 µs of time resolution for up to nine channels at different wavelengths.
II. SPECTROMETER DESIGN
The design choices developed in this work were taken to improve the temporal resolution of a conventional Czerny-Turner spectrometer preserving the flexibility of a turnable grating, e.g. changeable wavelengths, and multiple acquirable channels. Moreover, the new system should feature similar wavelength dispersion ∆λ/pixels of approximately 0.27Å/pixel at 500 nm, in order to resolve velocities of 1 to 2 km/s which correspond to roughly 1/10 of Schematic of the adapted Czerny-Turner spectrometer for fast measurements. Several slits are installed at the spectrometer entrance to image multiple channels on a smaller camera chip area.
The interesting part of the spectra is then selected by an interference filter (red) positioned before the focussing lens.
a pixel at 500 nm. Such a shift is detectable given the ansatz of a Gaussian line emission.
The resolution of lower velocities is prevented by uncertainties arising from atomic physics
The principle of a conventional Czerny-Turner spectrometer is illustrated in figure 1a .
The light entering the entrance slit is collimated through a lens onto a turnable grating and re-focussed on a camera by a second lens. Multiple channels can be imaged simultaneously by arranging the fibers vertically along the entrance slit. In this way, the spectra of the different fibers, e.g. the wavelength axis, are not overlapping on the camera chip and therefore can be acquired separately. On ASDEX Upgrade, such spectrometers are usually equipped with a variable slit typically set to 50 or 100 µm, two objective lenses (Leica APO-ELMARIT-R 10 ) with each a focal length of 280 mm (collimating lens) and 180 mm (focussing lens), respectively, and a movable grating with 2400 grooves/mm. The lenses are chosen such that, due to the demagnification, twenty-five fibers with a diameter of 400 µm can be imaged onto a Princeton Instruments ProEM charge coupled device (CCD) camera 11 with on-chip multiplication gain featuring a light sensitive area with 512 × 512 16 µm pixels.
The temporal resolution of the system is limited by the camera repetition time. Its minimum ∆t min can be calculated as follows:
where n px,row is the number of pixel per channel, n ch the number of channels, f ro the read-out frequency, n l the number of lines to shift, v sh the shift speed and ∆t cam eventual delays due to the camera processing such as the application of the pixel bias correction (PBC) or the cleaning of serial registers. For the old setup, e.g. for n px,row = 512, n ch = 25, n l = 512 + 40(Mask), v sh = 0.45 µs/row, f ro = 10 MHz, the minimum acquisition time is equal to ∆t min,old = 2.27 ms. Hence, it is clear that given a certain camera, e.g. for fixed f ro , v sh and ∆t cam , one needs to reduce n px and n l to improve the temporal resolution. Since the interesting part of the spectra only occupies between 10 and 20 % of the entire camera chip, both n px and n l can be reduced by rearranging the imaged spectra on the camera chip.
To do this, a re-design of the conventional Czerny-Turner spectrometer is required. Figure 1b shows a schematic of the modified Czerny-Turner spectrometer developed in this work. An interference filter (in red) has been installed between the grating and the focussing lens in order to select only the interesting part of the spectrum. This way several channels can be arranged along the wavelength axis (λ) perpendicular to the read-out direction without overlapping between neighbouring spectral lines. To that end, nine fixed slits, each 50 µm wide, have been installed at the spectrometer entrance which allow to acquire several channels simultaneously on a single chip row. Note that the use of multiple parallel slits combined with a band-pass interference filter has already been adopted in previous works, in general to increase the number of acquirable channels 12, 13 . In order to keep the full flexibility of using the spectrometer in the conventional way, the middle slit can accommodate 25 channels as for the design in figure 1a while the other eight slits only two.
In figure 2a an overview of the fixed entrance slit system is shown while in figure 2b,c the details of the bottom-left slit are highlighted. The parallel slits are aligned at one end of the long central slit in order that their projected images are positioned at the bottom end of the camera chip, close to the read-out region, with the purpose of avoiding unnecessary row shifts.
The dispersion ∂λ/∂x, where λ is the wavelength and x the real space on the camera chip, of the Czerny-Turner spectrometer is a function of the wavelength 14 and it decreases by increasing wavelength. Moreover, for a certain temperature ∆λ/λ is a constant and therefore for longer wavelengths ∆λ increases. Hence the number of possible channels which can be imaged without overlapping onto the camera chip depends on the wavelength. For instance, in case of the helium CX-line He 2+ (n = 4 → 3) at λ = 468.571 nm 9 channels can be simultaneously acquired while for the fully ionized nitrogen CX-line N 7+ (n = 9 → 8) positioned at λ = 566.937 nm only 5 channels can be imaged on the chip without overlapping. The He 2+ CX-line is particularly suitable for this application since, in typical AUG discharges, it does not present any surrounding line within a range of roughly 6 nm. Hence, the band-pass of the interference filter does not need to be too narrow making its usage easier.
III. CCD CAMERA ACQUISITION MODES
CCD cameras commonly used for high duty-cycle applications feature frame-transfer chips. They use a two-part sensor 512 × 1040 in which one-half of the chip is used as a storage area and is protected from light. The incoming photons are instead collected on the image area which, after being exposed, is rapidly shifted to the storage area. While the image area is exposed with light, the stored charges are readout. Thus, high repetition measurements are achieved avoiding dead times due to the chip read-out. A schematic of the frame-transfer CCD camera sensor is shown in figure 3a .
Due to the re-design of the Czerny-Turner spectrometer reported in section II, the acquisition mode of the CCD camera can be optimized to reach high repetition rates. The vertical image of a fiber due to the demagnification of the lenses covers roughly an area of 20 pixels and using the interference filter, multiple channels can be imaged on the same rows. Thus, the maximum repetition time using the standard frame transfer acquisition mode can be reduced to 0.71 ms for up to 9 channels. A further increase of the temporal resolution is obtained by reducing the parallel chip size (this mode is often called custom chip mode). Skipping the serial register cleaning and not applying the PBC, the maximum repetition time is 0.22 ms for 38 vertical rows. For the Princeton Instruments ProEM camera, the custom chip mode can only be applied following precise rules in order to not interfere with the GigE Data Transfer requirements (specifications can be found in 11 ). While this acquisition mode reduces the repetition time by one order of magnitude compared to the standard Czerny-Turner spectrometer, a further improvement can be obtained by exploiting the capability of such cameras to shift row-arrays on a sub-micro-second timescale. To summarize, the best performance for continuous acquisition is obtained via the custom chip mode with a minimum repetition time of 220 µs. The spectra kinetic mode allows measurements down to 5 µs but it operates in a burst mode with roughly 30 ms of dead time.
IV. SPECTROMETER CALIBRATION
The interpretation of the CXRS measurements needs an accurate wavelength and intensity calibration. Wavelength calibrations are required for velocity measurements and the intensity calibration of the entire system (in-torus optical heads, connecting fibers, spectrometer and camera) is necessary for determining the impurity density. Moreover, the instrument function of the system has to be characterized to deconvolve the Doppler broadening from the imperfections of the spectrometer optics and to measure the ion temperature.
During wavelength calibration the free parameters for the calculation of the wavelength Zr-lamp and to the integrating sphere before and after every discharge while the room temperature has been monitored. This procedure guaranteed the accuracy of the intensity and wavelength calibration.
V. FIRST MEASUREMENTS
The re-designed Czerny-Turner spectrometer using the "Spectra Kinetics" mode has successfully acquired data since the 2014 experimental campaign at ASDEX Upgrade. So far, only N 7+ and He 2+ CX emissions were considered as possible application for fast CX measurements because their concentration in the plasma can be manipulated easily by external gas puffing ("seeding"). This turned out to be a fundamental requirement to increase the number of photons when a high repetition time is used. The spectrometer has been coupled to the edge charge exchange system which has been upgraded with additional lines of sight to increase the number of radial data points in the pedestal region. The total number of lines of sight has been increased from 16 to 50 compared to the old systems 3 . Moreover, the radial coverage has been reduced to roughly 6 cm in order to obtain fully resolved profiles of the edge ion temperature, impurity flows and density and hence of E r , without the need of a radial plasma sweep to increase the radial resolution. The lines of sight of the refurbished poloidal and toroidal systems are shown in figure 5a and 5b. The radial resolution of the toroidal LOS is around 3 mm at the very edge of the plasma while it increases towards the inner part of the plasma. Since the poloidal curvature of the plasma is stronger than the toroidal one, the resolution of the poloidal system is reduced to about 5 mm. Good signal to noise ratio measurements have been obtained for a time resolutions down to 50 µs.
As an initial check of the time resolution of the system, an ELMy H-mode discharge has been examined. In figure 6 , time traces of the line intensity (a), the ion temperature Hence, to reach good signal to noise ratio, the integration time could not be decreased below 200 µs. In this case, a spectrometer with a higher optical throughput or optics with larger etendue are necessary to further optimize the temporal resolution. 
VI. SUMMARY AND FUTURE PLANS
In summary, a multi-channel spectrometer with about 10 µs of time resolution dedicated to edge charge exchange recombination spectroscopy has been developed at ASDEX Upgrade to characterize the fast evolution of ion temperature, impurity density and flows. A multislit design equipped with an interference filter allows for the simultaneous acquisition of multiple channel. The spectrometer has been coupled to the edge poloidal and toroidal charge exchange systems which have been refurbished with 50 new lines of sight covering a radial range of about 6 cm. The new setup offers the possibility to measure detailed profiles during fast events without the necessity of a radial sweep of the plasma.
Good signal to noise ratio has been obtained for an integration time of 50 µs during edge localized modes measuring the He 2+ charge exchange emission. The measurements achieved a statistical noise of a few percent. Hence, it is expected that using the highest temporal resolution (10 µs), low frequency ion temperature and impurity flow fluctuations might be detectable.
A larger CCD sensor would allow the simultaneous acquisition of more channels while the read-out time, i.e. the acquisition dead time, would be increased. More spectrometer channels can be employed by increasing the spectrometer dispersion but this might influence the accuracy of the velocity measurements. While the working principle of the modified 
